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peptide phosphosite pairs. We used these updated methods to generate a kinase substrate specificity sequences to identify those proteins that featured the top 600 highest scoring predicted phosphosites 1 7 4 (Table S1 ). Next, we identified the closest human cognate proteins that featured similar phosphosites, 1 7 5 and then scored the human phosphosites with KSSPMs for all four human CaMK1 isoforms and CaMK4 (which share 65% and 44% sequence identity, as measured by Blastp, with the C. elegans 1 7 7 CMK-1 protein, respectively; Fig. S4 ). Of particular interest were those C. elegans protein and 1 7 8 phosphosites that were highly conserved in Homo sapiens and predicted to be targeted by human CaMK1 isoforms and CaMK4. Such high evolutionary conservation would support important other species is available in the PhosphoNET website at www.phosphonet.ca. The above-generated list of 600 phosphosites in 373 C. elegans proteins predicted to be CMK-1 1 8 4 targets was used to prioritize candidates. Candidates that had been previously shown to interact with 1 8 5 CaMKs for which testable knockout mutant alleles were available were of highest interest, as well 1 8 6 those ranked within the top 20 by p-site score and assayed them for habituation at a 60 s ISI. Out of the 1 8 7 22 mutants tested to date, 17 were observed to show an initial response and/or habituation phenotype (Table 1) . A Venn diagram was generated that grouped genes that when mutated 1 8 9 showed similar behavioral phenotypes (Fig. 4 ). ogt-1 mutants showed an initial mechanosensory response and habituation phenotype that was initial tap (p<0.001), and showed significantly higher final level of habituation to stimuli delivered at a 60s ISI (p<0.001; Fig. 5A , Table 1 ). Because of this we further investigated the role of this protein in habituation by assaying whether OGT-1 was also similar to CMK-1 in its ISI dependency (i.e. whether 1 9 8 it mediated distinct aspects of habituation at a 10s ISI versus a 60s ISI). When we habituated ogt- 1(ok430) mutants at a 10s ISI instead of a 60s ISI, we observed that they were still more responsive to 2 0 0 the initial tap (p<0.001), but they habituated more rapidly and to the same final level as wild-type 2 0 1 worms in the measure of reversal distance (pNS; Fig. 5B ). Thus, ogt-1 mutants robustly phenocopy 2 0 2 cmk-1 mutants in all measures tested. Importantly, Hanover et al. (34) has demonstrated that the ogt- released after alkaline β -elimination and by O-GlcNAc antibody staining (34).
O-GlcNAc transferase, OGT-1, Functions in Habituation and is Expressed in the Nervous
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We next confirmed that the mutation in ogt-1, ok430, was indeed the mutation which caused the 2 0 7 mechanoresponding and habituation phenotypes observed above by testing a second null allele of ogt- To evaluate the expression pattern of ogt-1 we created a transcriptional reporter that consisted
of ~2 kb of the ogt-1 promoter fused to GFP (Pogt-1::GFP) and injected this into wild-type worms.
1 4
Imaging of this reporter revealed that OGT-1 is expressed quite broadly across the nervous system,
including the touch cells, in addition to muscles and seam cells (Fig. 5C ). To test whether cmk-1 and ogt-1 interact genetically we assayed the habituation of cmk-1(oy21);
ogt-1(ok430) double mutants. When these double mutants were habituated at a 60s ISI they acted 2 2 0 additively to give significantly larger initial responses (p<0.001 for both) and larger reversal distance parsimonious explanation of this data is that each mutation contributes to the habituation phenotype 2 2 3 through disruption of independent genetic pathways. This result was surprising given that the 2 2 4
individual mutant phenotypes were so strikingly similar and that the mammalian homologues of these 2 2 5
proteins have been shown to interact (35, 3 6 ). Because the response distance variable is actually analyze their relationship by breaking reversal distance down into these two components and For the initial response to tap, the cmk-1 single mutant exhibited significantly faster reversals CaMKK. In C. elegans, Kimura et al. (26) found that CMK-1 is expressed in more neurons than is factor (CREB), CMK-1 was able to phosphorylate CREB in the absence of CKK-1. Similarly, Satterlee our top candidates, we found that this list was indeed enriched for mutations which cause tap response
and/or habituation deficits, as 17/22 strains deviated from wild-type in some aspect of these behaviors.
Thus this approach appears to be an effective method to identify downstream candidates for
phosphorylation targets of kinases in the context of mechanosensory responding and learning. acetylglucosamine is covalently attached to serine or threonine residues of proteins. In contrast to other
forms of glycosylation, O-GlcNAc glycosylation occurs intracellularly, is rapid (occur as quickly as 1-
5 min after cellular stimulation;
) and is not further modified into complex glycans. Hence, it is 2 9 0 thought to be more akin to phosphorylation than to other forms of glycosylation. Interestingly, O-
GlcNAc glycosylation sometimes occurs on or near serine or threonine residues that are also known to opposition to OGT to remove β -N-acetylglucosamine residues; OGA) are highly expressed in the brain
and enriched at synapses within neurons (43,44).
In C. elegans, although OGT-1 is expressed in the embryonic nervous system (45) no role has 2 9 6 yet been described for this protein in responding to mechanosensory stimuli or learning. Instead,
studies have shown that it functions in macronutrient storage (34), dauer formation (46), lifespan (47),
the glucose stress response (48) and proteotoxicity in C. elegans neurodegenerative disease models 2 9 9
(49). In other species a role for O-GlcNAc glycosylation has yet to be demonstrated in vivo for learning
acquisition, but it has been shown to function in long-term memory (50) and in cellular models of be conserved in learning in other species, including mammals.
Epistasis experiments measuring reversal distance revealed the cmk-1(oy21); ogt-1(430)
double mutant phenotype to be additive for both naïve and habituated states. Additivety is most often
thought to be suggestive of a sign of the absence of a functional relationship between the mutated genes 3 0 7
under study but in some cases it may be due to both gene products converging on the same downstream Although, clearly, the most parsimonious explanation for the additive genetic interaction
between null mutations in cmk-1 and ogt-1 is that each mutation contributes to the habituation
phenotype through disruption of at least two contributing independent linear biochemical pathways;
data from previous studies have revealed that there is much complex cross talk between O-GlcNAc and
phosphorylation signaling, and thus it is tempting to speculate that the relationship between CMK-1
and OGT-1 may be more intimate. Given that (i) cmk-1 and ogt-1 mechanosensory responding and two
different habituation phenotypes were so strikingly similar, (ii) mammalian CaMK4 and OGT interact CaMK4 and OGT are known to share several common substrates (CREB, serum response factor, the
protein identified (> 250) has also been shown to be a phosphoprotein (i.e. it is phosphorylated by a converge at some node of a regulatory network, such as sharing a common substrate (reviewed in 60),
suggesting that CMK-1 and OGT-1 share a common downstream target(s).
Additionally, a synergistic phenotype is also observed for the baseline locomotory speed in
cmk-1; ogt-1 double mutants measured before mechanosensory stimuli were administered (Fig. S7) ;
providing additional phenotypic support to our hypothesis that these genetic pathways intersect. In the Using all available published data on CaMK1/4 and OGT as well as from the experiments 3 4 2 performed in this study, we have a devised a model for this non-linear genetic network in C. elegans (Fig. 7) . Biochemical studies, outside of the scope of this work, will be required to validate this hypothesis. shuttling of cmk-1 between the cytoplasm and the nucleus is necessary for setting response level to 3 5 0 mechanical stimuli -similar to it's effects on thermotaxis and heat avoidance (27, 28, 29, 37) . Further mutants, an as yet largely uncharacterized family of genes regulating mechanosensation.
Finally, our findings identify the first proteins that specifically alter habituation differently at stimuli were presented; mechanosensory stimuli which were presented at a 10s ISI resulted in faster cmk-1 and ogt-1 modulate the final level of habituation at a 60s ISI and the rate of habituation but not
the final level at a 10s ISI are the first published evidence to support this hypothesis.
It is important to note that the 60s ISI tap habituation phenotype of cmk-1 mutants could be
interpreted as a general hyperesponsivity to stimuli throughout the training session, rather than an 3 6 3 alteration in habituation -which is the ability of animals to learn to decrement their responding to habituation. First, when worms were tested at 72 hours post egg lay ( Fig. S1 ; as opposed to 96 hours)
cmk-1 mutants displayed wild-type initial responses to mechanical stimuli, but a higher final level of
responding at a 60s ISI, dissociating these metrics. Second, cmk-1 mutants display a normal habituated
final level when trained at a 10s ISI -a general hyperesponsive phenotype should be present regardless of the stimulus interval used ( Fig. 1 A- In conclusion, our results provide the first in vivo evidence of a role for CaMK and O-GlcNAc post-translational modification in responding to mechanosensory stimuli and learning. Additionally,
our work provides the first direct evidence in support of the hypothesis that multiple mechanisms
mediate habituation at different ISIs and underscores the importance of detailed behavioral genetic
analysis to dissect multiple mechanistically independent components of a seemingly simple learned behavior. Finally, our findings will help draw much-needed attention to a common form of post-
translational modification that is required for mechanosensory responding and learning, two fundamental biological processes present in all animals. Escherichia coli (OP50) as described previously(64). The following strains were obtained from the
Caenorhabditis Genetics Center (University of Minnesota, Minneapolis, MN): N2 Bristol, PY1589
RB1447 chd-3(ok1651), RB830 epac-1(ok655), HA865 grk-2(rt97), NW1700 plx-2(ev773); him- sequences for PCR fusion constructs generated for this study. The following strains were created for this work: VG183 yvEx64[Pcmk-1::GFP; Pmec- 
5(e1490), PR678 tax-4(p678), KG744 pde-4(ce268), RB758 hda-4(ok518), RB1625 par-1(ok2001),
VG279 cmk-1(gk691866); dpy-5(e907), VG245 cmk-1(oy21); ogt-1(ok430).
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Imaging procedures. Adult worms were anesthetized in 100 mM NaN 3 dissolved in M9 buffer imaging. GFP was excited using a 488 nm wavelength laser setting with light emitted collected through Systems, San Jose, CA). behavior of non-dpy F1 progeny was evaluated. (version 1.2.0.2) (66) as described previously (30). Offline data analysis was performed using
Choreography analysis software (version 1.3.0_r1035 software package) (66) as described previously Reversal distances and durations in response to tap were compared across strains by statistical were generated using an updated version of the algorithm originally described in Safaei et al. (33) . The 597 scoring phosphopeptides were examined for their conservation in humans using the algorithm for human CaMK1 isoforms and human CaMK4. We would like to thank Angela Leong, Jing Xu and Savannah Nijeboer for help running experiments 4 6 0 and Andrew C. Giles for useful advice and discussions regarding this research. This work was 28 (23):6000-6009. Caenorhabditis elegans. EMBO Reports 3(10):962-966. 28. Schild L, et al. (2014) . The balance between cytoplasmic and nuclear CaM kinase-1 signaling 29. Kobayashi, et al. (2016) . Single-cell memory regulates a neural circuit for sensory behavior. Cell
reports, 14(1), 11-21. Signal 20 (1):94-104. elegans. Curr Biol 14 (1):62-68. Annual Reviews in Pharmacology and Toxicology. GlcNAc glycosylation in the brain. Nat Chem Biol 4(2):97-106. Table 1 . 
cmk-1(oy21)
wild-type ogt- 1(ok430) cmk-1(oy21);ogt-1(ok430) 
